Recently, advances in information technology and an increased willingness to share primary biodiversity data are enabling unprecedented access to it. By combining presences of species data with electronic cartography via a number of algorithms, estimating niches of species and their areas of distribution becomes feasible at resolutions one to three orders of magnitude higher than it was possible a few years ago. Some examples of the power of that technique are presented. For the method to work, limitations such as lack of high-quality taxonomic determination, precise georeferencing of the data and availability of high-quality and updated taxonomic treatments of the groups must be overcome. These are discussed, together with comments on the potential of these biodiversity informatics techniques not only for fundamental studies but also as a way for developing countries to apply state of the art bioinformatic methods and large quantities of data, in practical ways, to tackle issues of biodiversity management.
INTRODUCTION
As biologists began studying what are called 'biodiversity patterns', the primary data were observations of presences and absences of species across space and time, combined with geographical information regarding climate, soil, geology and other features of the regions in which they are found. This focus on primary occurrence information began with the earliest of the classic naturalists, and continued right up to the present (Krishtalka & Humphrey 2000) . This basis, of course, requires the collaboration of the entire systematic enterprise-without sound taxonomic information, description and understanding of species diversity patterns and distributions would be impossible.
In the past 10 years, advances in information technology (e.g. large-capacity electronic storage media, the Internet, the World Wide Web, distributional database technology) and in the policies of owners of primary data sources (e.g. large-scale digitization of data, creation of public-access databases) are creating a revolution in the way that biodiversity information is created, maintained, distributed and used (Bisby 2000; Oliver et al. 2000; Edwards et al. 2000; Krishtalka & Humphrey 2000; Krishtalka et al. 2002) , with the potential of much more to come (Godfray 2002) . Moreover, the amount, variety and resolution of spatially explicit electronic data that can be used to describe environments (e.g. RS data available via the Internet) are similarly growing at a staggering pace. Very roughly (Faundeen 2003 ; figure 1), for the first Landsat family series (MSS 1), ca. 4 Terabytes of data were archived in the period from 1972 to 1982. In the next 20 years, Landsat (TM 4 and 5) accumulated ca. 140 Terabytes of data archived. For the past 3 years, S. Dech (personal communication) of the Deutsches Zentrum fü r Luft und Raumfahrt estimates a 60% (from 70 to 200 Terabytes) per year growth of RS data for the main European RS families. Growth rates for the RS data enterprise are probably exponential or more than exponential but are difficult to estimate owing to the overlap in availability of different sensors.
In any case, RS data are now essential for conservation science and other applications (Green et al. 1987; Stomes & Estes 1993; Veitch et al. 1995; Danks & Klein 2002; Turner et al. 2003; Kerr & Ostrovsky 2003) owing to their unique ability to characterize the Earth's surface from different perspectives, resolutions and spectral dimensions. This allows, among other things, the finding of correlates for inferences and classifications.
Primary biodiversity data-principally in the form of specimen information-is now also becoming accessible at an accelerated speed. Increasing numbers of museums and herbaria are computerizing data associated with natural history specimens (Krishtalka & Humphrey 2000) . In addition, in many cases, high-resolution images keyed to tabular data and providing additional dimensions of access to specimens are also being created (Bisby 2000; Edwards et al. 2000; Oliver et al. 2000) . In many cases, these datasets are being made available through the Internet. Excellent examples include: the New York Botanical Garden, the Museum of Vertebrate Zoology, the University of California at Berkeley, the Missouri Botanical Gardens and the Instituto Nacional de Biodiversidad, Costa Rica, but 1 000 000 000 100 000 000 10 000 000 1 000 000 1970 1975 1980 1985 1990 1995 the list is growing very fast. Also, several centralized databases provide access to information held in jointly created specimen databases. Fishbase, for example (http://www. fishbase.org/home.htm) offers data from hundreds of thousands of specimens. This initial commitment to sharing data and providing open access to data is an important step towards greater information access in the biodiversity world. More profoundly still, since 1998, several distributed biodiversity information networks have provided a new class of access to biodiversity information. In particular, two specialized search engines, The Species Analyst (http://speciesanalyst.net) and REMIB (http://www. conabio.gob.mx/remib/remib.html) have solved key problems that plagued earlier, single-database implementations. These facilities provide access to distributed databases, which means that the data remain at the institutions where the voucher specimens are housed, thus maintaining the connection between primary documentation (specimens) and the information product (the database). Nevertheless, the contents of these dispersed databases are shared virtually via specialized Internet access engines. The Species Analyst and REMIB now connect databases of hundreds of collections, and serve data associated with millions of specimens (figure 2). Still better access is now permitted by a next-generation integrating technology (DiGIR; http://digir.sourceforge.net/), which has now been implemented fully for the first time in the MaNIS project (http://elib.cs.berkeley.edu/manis/) and will become the standard protocol of the collections associated to the GBIF.
These achievements represent not only the solution to challenging technical problems (like allowing simultaneous access to independent databases with different formats, database managers and operating systems) but mainly the willingness of institutions and data caretakers Phil. Trans. R. Soc. Lond. B (2004) to allow free and open access to databases under their care (for some caveats see Graves (2000) ).
Hence, overall, the world of information available for addressing questions related to biodiversity and ecological landscapes is changing dramatically. The possibilities for the study of spatial patterns of biological diversity, for both basic and applied purposes, are changing beyond recognition. In contrast to past decades, information access is less and less of a consideration, and analytical and computing capacities are becoming more of a concern.
BIODIVERSITY INFORMATICS
These new applications belong to the emerging field that we can term BI. As the word bioinformatics is now applied universally to genomics and proteomics applications, a new term may be needed to describe applications at the organismic level. Biodiversity Informatics then includes the application of information technologies to the management, algorithmic exploration, analysis and interpretation of primary data regarding life, particularly at the species level of organization. Biodiversity Informatics analyses and applications are characterized by a number of novel features.
Investigators are increasingly able to use large quantities of biodiversity data-that is, analyses are now frequently based on records numbering 10 4 or more (Colwell & Coddington 1994; Gioia & Pigott 2000; Rahbek & Graves 2000; Peterson et al. 2002a; Jetz & Rahbek 2002) .
Analyses can now be performed across large areas (e.g. 10 5 or more km 2 ) at resolutions of 10 km 2 or smaller (Egbert et al. 2002; Peterson 2004; Soberón et al. 2004) , rather than the customary 10 4 km 2 or more resolution that used to be normally the case (e.g. Cook (1969) , Rapoport (1982) and Roberts et al. (2002) , among many others).
The development and application of new methodologies designed to assess completeness of databases (Prendergast et al. 1993; Soberón & Llorente 1993; Colwell & Coddington 1994; Murguía & Villaseñ or 2000; Petersen et al. 2003) now permits quantitative evaluation of adequacy and robustness of data used as inputs for biodiversity analyses.
Tools for inferring ecological niches and predicting distributional areas of species from occurrence information and electronic information characterizing ecological landscapes (Nix 1986; Austin et al. 1990; Walker & Cocks 1991; Carpenter et al. 1993; Mladenoff et al. 1995; Jones & Gladkov 1999; Manel et al. 1999a,b; Stockwell & Peters 1999; Gioia & Pigott 2000; Skov 2000; Guisan & Zimmermann 2000; Peterson et al. 2002b ) now permit powerful and predictive inferences about the geographical dimensions of biodiversity. For a recent review of the closely related topic of geographical information systems technology to entomology, see Noonan (2003) .
The combination of the elements listed above represents one emerging field within the larger area of BI (Bisby 2000) . Basically, this combination permits estimation of fundamental ecological niches of species by means of detection of nonrandom associations between known occurrences and ecological landscapes (ICBP 1992; Miller 1994; Scott et al. 1996 Scott et al. , 2002 Soberón et al. 1996; Umminger & Young 1997) . Under further assumptions related to the relative importance of biotic interactions and historical effects on species' distribution and dispersal, species' geographical distributions can be estimated. In this way, questions related to species' distributions, patterns of species richness (intersections of distributions), coexistence of taxa, locations of hot spots, complementarity of sites in terms of species representation, and so on, become amenable to formal, quantitative, data-intensive treatment. The use of formal, algorithmic exploration of large amounts of primary biodiversity data is what constitutes the field of biodiversity informatics, and the focus on calculation of niches and distributions may define a subfield within the larger subject.
APPLICATIONS OF BIODIVERSITY INFORMATICS TO BIOGEOGRAPHICAL QUESTIONS
Some applications of this new conjunction of data and methodologies focus on issues of basic science, like the study of evolutionary processes, causes of range limitation or species' reactions to changing environments (Peterson et al. 1999 (Peterson et al. , 2002a Anderson et al. 2002; Peterson 2003 Peterson , 2004 . In Peterson et al. (1999) , niches were modelled for 37 pairs of species. This was done by using a genetic algorithm (Garp; Stockwell & Peters 1999) to search for regions in the map that are 'similar', in terms of annual precipitation, average temperature, elevation and potential vegetation to those regions where the species has been reported. Species presence data comes from extensive museum databases. The hypothesis was that related taxa should share niche features, thus confirming theoretical predictions about niche conservatism. Indeed, that was found, to a high degree of statistical significance, by reciprocal predictions among related and unrelated pairs of species. In a climate change-related application (Peterson et al. 2002a ) the fundamental ecological niches of 1870 species of Mexican birds, mammals and butterflies were estimated using Garp again (Stockwell & Peters 1999) , and the resulting niches were projected to future Phil. Trans. R. Soc. Lond. B (2004) climates, obtained from general circulation models. Several analyses were then performed on likely changes of distribution areas under several scenarios of dispersal capabilities. The results highlight the relevance of mountain chains for conservation, as turnover of species is lower in mountainous areas than in the central plains of Mexico.
Still other applications focus on management issues, like biodiversity exploration (Lobo et al. 1997; Jones & Gladkov 1999; Soberó n et al. 2004) or location of protected areas (Rebelo & Siegfried 1992; Csuti et al. 1997; Godown & Peterson 2000; Peterson et al. 2000; Kelley et al. 2002; Burgess et al. 2002; Chen & Peterson 2002) , assessment of the potential for pest damage to crops (Sánchez-Cordero & Martínez Meyer 2000) or evaluation of possible routes for invasive species or diseases (Honig et al. 1992; Richardson & McMahon 1992; Scott & Panetta 1993; Higgins et al. 1999; Soberó n et al. 2001; Peterson & Robins 2003; , to name just a few examples.
To provide an example of analysis of an invasive species, considerable recent concern has been caused by the cactus moth Cactoblastis cactorum, which as an invader could be catastrophic to certain cactus species, particularly the Platyopuntia. We drew location data for C. cactorum from scientific collections of the Smithsonian Institution, and used them to estimate hemispheric niche dimensions in terms of climatic variables (by application of the FloraMap software; see Jones & Gladkov 1999) . The geographical display of regions of high similarity (on the basis of the climatic variables chosen) to those where the species has been observed provides a prediction of the potential distribution for the species in North America. Then, geographical distributions of species of Platyopuntia cacti were obtained by first modelling their niches using the Garp algorithm via 5099 observational data provided by several herbaria (see Acknowledgements). The niches so obtained were then reduced by biogeographical reasoning supervised by experts on the group. Those two procedures yielded individual distributional ranges for 60 species of Platyopuntia on the North American continent. Overlay of Cactoblastis' niche with the distributions of its host plants thus provided a first approximation to understanding the potential route of invasion by Cactoblastis into the deserts of the southwestern USA and northern Mexico (figure 3).
CHALLENGES AND LIMITATIONS
Although of great potential, significant challenges do exist for this new world of BI. In the first place, presence data include significant biases in the spatial and temporal distribution of collecting efforts and in its overall quality (Soberó n et al. 1996; Reynolds 1998; Peterson et al. 1998; Wilke et al. 1999 means that databases that are not maintained actively may soon be outdated, with synonyms comprising 10-30% or more of names in many databases (Gaston & Mound 1993; Alroy 2002 and see figure 4) . The ageing nature of many collections, owing to inattention or to lack of recent material, makes collections data challenging to interpret in light of ongoing land use changes (Remsen 1995; Winker 1996) . Hence, in a time when gigabytes of primary biodiversity information are becoming available to all, issues related to quality control are more crucial than ever (Reynolds 1998; Soberó n et al. 2002) .
Although the problems mentioned above can be found in many biological databases, the heterogeneous origin of Web-assembled databases makes quality control even more important. As the origin of the data is heterogeneous, record quality may be uneven and numerous procedures must be used to detect and correct problems. Some of the more common problems include the following.
(i) Specimens may have wrong identifications. This error is quite frequent, and yet can be extremely difficult to detect and correct. Without expert participation in inspection and determination of the original specimens, only very obvious mistakes will be detected (see figure 5 for a clear example of a misidentified specimen that is also an obvious geographical outlier). Obviously, data from poorly determined collections should be used only with care when developing biodiversity analyses (see also Gotelli 2004 completion will remove one major obstacle for proper quality control of distributed specimen databases. (iii) Faulty georeferencing (figure 6). Frequently, the identification and textual description of the collection locality may be correct but the geographical coordinates assigned to that site may be erroneous. Faulty georeferencing can be detected by means of consistency analyses, in which verbal descriptions of locality are checked against the geographical coordinates. At present, only a small minority of localities in museum databases are properly georeferenced, which, of course, raises the more basic question of how to add georeferences to specimen data quickly and efficiently. One important example is that of the MaNIS project, a community effort to integrate and georeference data from mammalian specimens in 17 museums: out of the 296 737 localities in the original pool of localities, only ca. 92 000 localities still remain to be georeferenced; the rate of advance is ca. 12 specimens per hour ( J. Wieczorek, personal communication) The National Commission on Biodiversity of Mexico has obtained about two million georeferenced specimens, either georeferencing
Phil. Trans. R. Soc. Lond. B (2004) in-house or by cooperation with taxonomists and experts in museums and herbaria.
About 70-80% of specimen label data can be georeferenced by simple techniques and the use of gazetteers; the remaining localities may either prove impossible to reference or feasible only via the participation of experts familiar with the actual collectors. Recently, and most interestingly, much of this process is becoming automated in projects like BioGeoMancer (http://georef.nhm. ku.edu/)-recognition of locality strings has been made 'smarter', and interpreted locality descriptors are then compared with national or worldwide gazetteer databases; in this way, the bottleneck steps in the georeferencing process are automated, and human participation is focused more at the level of supervision and error checking, making the process considerably more efficient.
CONCLUSIONS
The massive storehouse of distributed, raw biodiversity data that the Internet is enabling will set the stage for how biodiversity patterns are analysed in the future. Abundant examples already demonstrate the rich potential of such Figure 5 . A map of registers for Opuntia chlorotica was presented to a specialist (Hector Hernandez, Instituto de Biología, National University of Mexico). The specimens for the obvious outliers in southeastern Mexico were checked and found to be misidentifications by the specialist. data when analysed and interpreted in the context of geospatial information as part of the nascent field of BI. Nevertheless, the demands that these technological advances will put on the shoulders of the taxonomic and systematics communities are significant-in fact, without Phil. Trans. R. Soc. Lond. B (2004) a strong and active taxonomic community, BI will never be more than a clever set of software tools lacking a substantial factual basis.
Detection of problems associated with synonyms, misidentifications, georeferencing inconsistencies, outdated taxonomy, and so on depend on the existence and enthusiastic participation of an active community of taxonomists. More importantly, these advances depend critically on adequate support to the fundamental infrastructure of the museums and herbaria of the worldthese institutions provide the key infrastructure of the world of knowledge regarding biodiversity and every day are more endangered by cost-cutting bureaucrats.
Of course, we hope that the exploration of world biodiversity will continue and will gain new strength. Recent promising initiatives, unfortunately, have not achieved full success. For example, the most recent attempt to discover and describe the remaining species, the All Species initiative, was delayed owing to the change in world economy. The Global Taxonomy Initiative of the Convention on Biological Diversity was launched, but has not been funded (see Samper 2004) . Failure to carry through with these initiatives is worrisome, as much remains to be explored, and many critical elements of biodiversity remain to be discovered.
It is clear that 'DNA Taxonomy' (Hebert et al. 2003; Tautz et al. 2003; Pennisi 2003) will add speed to the exploration of biodiversity, although there is still debate about how many of the claims of its proponents are real or feasible (Seberg et al. 2003) . In any case, one major lesson learned from specimen-based BI analysis is that proper vouchering and georeferencing of specimens is the sine qua non of macroecological and biogeographical analysis. Simply 'DNA barcoding' specimens, without precise (as precise as possible, and with modern technology this is metres) reference to the locality may serve to tackle many problems in systematics, evolutionary biology and other fields, but will probably leave out whole categories of analysis.
Biodiversity Informatics is adding value to taxonomic activity in ways probably not foreseen even 10-20 years ago, and is becoming indispensable in developing countries striving to manage their biodiversity adequately. Indeed, in developing countries, national taxonomic institutions are often small and under-funded. Many large countries-and particularly those that qualify as 'megadiverse' (Mittermeier & Goetsch 1997) -are nevertheless essentially unexplored for many taxonomic groups (figure 7). For such countries, a practical answer to the lack of national taxonomic efforts or institutions is to refer to existing information and knowledge, using the array of techniques described above to improve insight. If or when the wealth of information that is held in world natural history museums and herbaria is available efficiently to those countries, the way biodiversity is managed will change radically.
To this end, enormous activity is required on the part of the museums and herbaria. Requisites include the following.
(i) Museums and herbaria must continue the enterprise of collecting new biodiversity material, which should be the richest in information content (e.g. precise geographical coordinates, detailed digital imagery or sound recordings, DNA profiling). In general, our biodiversity resources are ageing, and not only are new phenomena not represented, but a baseline of highest-quality information associated with recent specimens is in general lacking. (ii) The museums must increase the pace for releasing good-quality raw data. Good quality means well determined (low misidentification rates), georeferenced and quality assessed and corrected (inconsistency checks performed). The cost of the above steps is significant, on the order of US $1-10 per specimen, without counting the base costs of building, curating and preserving the collections, as well as just running the institutions. The creation of the GBIF (http://www.gbif.org/), with the purpose of promoting that the world's biodiversity data will become freely and universally available, should take the preceding efforts a step forward by providing technical and financial support and by leveraging national resources and commitment to its objective.
(iii) Investment in development of user-friendly, industrial-strength analytical tools should be increased. Current tools are in the 'artisan' stage, requiring suites of programs and file types to perform a single analysis, and often requiring hours and even days of computer time. Many existing software programs cannot handle the huge data matrices involved in the new world of BI, with its high spatial resolution and multispecies analyses. An effort of tool development similar to that applied to genomic and proteomic informatics will be required. Eventually, efforts will have to start to hasten the convergence of the two 'bioinformatics': the one oriented to suborganismic levels, and the one associated to species and ecosystems. Without doubt DNA barcoding will provide a powerful link between those two fields. (iv) Training in BI will be a must. University curricula in this field are currently lacking-what is needed is a melding of aspects of biology, computer science and geography, a combination that is not often considered in university programmes.
In summary, BI consists of much more than the particular databases, tools and applications that we have mentioned in this review. Rather, BI is a sweeping, fundamental area of inquiry of which present analyses have touched only the smallest part. Many exciting and far-reaching innovations and steps forward remain to be developed, which will open new doors to funding, activity and further discovery. Along with the novelty of the field are challenges as well. Assuring that appropriate credit is given where due (e.g. to collectors and curators), and protecting institutional ownership rights to data and their descendent products, may represent significant complications for the development of this field (Graves 2000) . The BI community will have to develop and adopt the rules of behaviour that enhance the sharing of data, while preventing the proliferation of free-riders.
More fundamentally, these developments will involve the evolution of taxonomy and systematics beyond their traditional borders. Instead of just producing the traditional systematic revisions and phylogenetic treatments, BI activities will increasingly draw taxonomists and systematists into analyses and studies focused on issues of interest to agriculture, public health, invasive species and conservation. Although a distraction from the usual tasks of taxonomists and systematists, these issues are nevertheless key in developing BI into a field that will make the case for continuing and increasing support for the taxonomic and systematic enterprise.
